A Knoop hardness test had been performed on non-irradiated UO2 in the previous work (2) .
In the present work, the Knoop hardness test was performed as a function of applied load for the fission dose range of 10"-10" fiss. /cm'. The relation between hardness and the concentration of defects produced by irradiation is discussed.
II. EXPERIMENTAL
Specimens and Irradiation
Uranium dioxide used in this experiment was fabricated by sintering at 1,700-C in hydrogen atmosphere by a manufacture. The fuel density was estimated to be 95% of the theoretical value before irradiation and the grain size to be 2.5 pm by micrograph. The composition (0/U) was analyzed to be 2.002+0.005.
Specimens cut from the pellet by 1 X 1 x 10 mm were put into a quartz glass and ir- 51 -radiated in JRR-2 and -3 in the thermal neutron flux range of 1.5 X 10"-2 x 10" n / cm2.s. Total fission dose was between 1.14 X 10" and 1.0 x 10" fiss./cm3. The irradiation temperature was below 150-C and the fission dose of each specimen is listed in Table 1 . H(Knoop hardness, kg/mm2) = IV X 137(7.028d2) ,
where P is the applied load (g) and d the diagonal length (gm) of the indentation. To measure the hardness of the specimens irradiated to above 10" fissicrn', a remote control system was used as shown in Fig. 1 . No extra errors were introduced with the remote control system. Figure 2 (a) and (b) show the load dependence on hardness with a parameter of fission dose, where the result of non-irradiated specimen is also included. The load dependence of the irradiated specimens shows roughly a similar tendency to that of the non-irradiated ones.
III. RESULTS
It was verified that an elastic effect increased the hardness value of the non-irradiated UO2 with increasing applied load in the range of 25~30 gm. For irradiated specimens, the range where the elasticity influenced the hardness decreased at a dose of 1.14x 10" fiss./ cm' and disappeared in the specimens irradiated to above 10" fiss./cm3. These results indicate that an elastic deformation is decreased by irradiation.
Each curve has a region where the hardness decreases as the applied load increases up to 70 g. It was clarified for non-irradiated specimen that the ratio of the long diagonal length of the indentation to the short was not far deviated from the normal value of 7: 1 and that the deformation around indentation was contolled by plastic flow or strain hardening in the region where the hardness decreased with increasing applied load less than 70 g(2). 
where H, h and C are a hardness number, an indentation depth and a constant, respectively, and the value of m is negative. The indentation depth h in Eq. ( 2 ) was calculated from the measured diagonal length d with a simple relation of h=ad, in which a is a constant determined by an indenter shape. Derivation of Eq. ( 2 ) is given in APPENDIX. Upit & Varchenya") obtained nt values for various metals and ceramics. At the end of this region (-70 g), in becomes zero. Beyond this applied load, the hardness becomes constant and independent of h. In the region where m <0, the lower the applied load, the higher the hardness value. It will be explained below that the higher hardness value corresponds to a higher compressive or tensile stress in plastic region for a test in higher strain rate. When the compressive or tensile test is conducted at various strain rate, a higher value of stress change per unit strain (ds/de) can be obtained at higher strain rate in the strain hardening process. Since the term da/de corresponds to dHldhl in hardness, the hardness with a higher value of dHldhl is obtained in an indentation process of a higher strain rate as described in APPENDIX. Moreover, a higher value of dH/dh I (i. e. a high strain rate) resulted from an indentation at lower applied load (see APPENDIX). Therefore, it appeared reasonable that the strain hardening or plastic deformation proceeds in the region where m<0, although a strain rate is not constant. The dose dependence of in is indicated in Table 1 .
As shown in Table 1 , the absolute value of in decreased with dose in the range less than 1.28 x 1015 fiss./cm3 and became constant until the dose increased up to 4.8 x 10" fiss. /cm'. But at a dose of 1.0 x 10" fiss. /cm', the absolute value of m increased to 0.38, which is larger than that of non-irradiated one.
Since the values of m in Eq. ( 2 ) are negative as shown in Table 1 and the hardness in the plateau region is the same, a smaller m value yields a smaller h in order to give the same hardness value as indicated by Eq. ( 2 ). Moreover, for the same m value, a higher hardness ,yields a smaller h in Eq. ( 2 ), because m is negative.
Since in a dose between 1.28 X 1015 and 4.8 X 10" fiss. /cm', m values are equal to -0.18 and the hardness increased, the strain in the work hardening region, which was dependent on h, decreased with increasing dose. In a dose higher than 4.8 x 10" fiss. /cm3, on the other hand, the range influenced by plastic deformation becomes larger than that of less irradiated ones. There must be somewhat softening in this dose range.
Increment of the line of log H vs. log P has a constant which depends on m as shown in APPENDIX (Eq. (A15)). The relation can be seen in Fig. 2 (a) and (b) . The hardness values are independent of load in the region of 70-100 g. This region was termed "indentation plateau" in the previous paper '2), where a specimen gives a typical hardness number. It was also explained in the paper that the plateau of sintered UO2 was shorter than that of single crystals probably due to the initiation of crack by pores in polycrystals.
In irradiated specimens, the region of the plateau appeared in the load range of 70-100 g like as nonirradiated one except at a dose of 4.8 x 1017 fiss./cm3. In higher load than 100 g, the hardness value decreased.
It started at the load higher than 100 g except one at a dose of 4.8 X 10'7 fiss. /cm'. For this dose, the hardness is the decreasing stage even at 100 g load.
The load dependence in the load range of over 100 g was caused by crack formation and its propagation.
The crack was initiated at the tip of the long diagonal of the indentation and propagated to the outside.
One of the examples is shown in Photo. process caused an apparent hardness value to increase with increasing load'''. For irradiated specimen, as shown in Fig. 2 (a) and (b) , the region where the elasticity influenced the hardness value disappeared at a dose higher than 7.78 x10" fiss./cm". As described in the foregoing chapter, an elastic deformation decreased with increasing dose.
Even in the specimen irradiated to 1.0x 10" fiss./cm", which showed a softening phenomenon, the effect of elastic recovery was not observed.
It appeared to be probable that the elastic deformation of irradiated UO, decreased with increase of dose in the indentation process.
Work Hardening
The hardness value in this region can be expressed in terms of indentation depth Ii as shown in Eq. ( 2 ). The larger absolute value of m means that the deformation occurred more easily'''. It is referred to the proposal that the load dependence of hardness in this region (30-70 g) resulted from the dislocation movement under the impressed surface, which produced surface swelling in the vicinity of the indentation by an impressing indenter("'. The in value for irradiated specimens is shown in Table 1 , together with the value of in obtained from the result of single crystal by Bates").
In the foregoing chapter in was considered as a paramefer dependent on work hardening. In the previous paper (2), the difference of in value for single crystal and sintered UO2 calibrated porosity was considered due to grain boundary sliding.
Comparing the in value of sintered UO2 irradiated higher than 1.28 x10" fiss./cm3 with that of non-irradiated single crystal, it is clearly shown that the absolute M. value of irradiated specimens are less than those of single crystal except one at 1.0 x 10" fissicm'.
Moreover, one of the authors and others"' indicated that irradiation sintering started at a dose of 5.6 x 10" fiss./cm3 for a similar specimen irradiated under the same condition as that in this experiment. Therefore, the decrease of in in absolute value with irradiation appeared to be shortening of work hardening or plastic region. It, however, was caused mainly by the diminishing of grain boundary sliding.
An experimental verification is shown in Fig. 3 Bates>' had proposed that the hardness change by irradiation would be correlated to a change in the lattice constant. He measured Knoop hardness of irradiated UO2 but gave no further discussion in details.
The irradiation hardnening was investigated with the hardness values measured at the load of 50 and 100 g. As described in the foregoing chapter, hardness values of applied load of 50 g belong to work hardening region and those of 100 g to plateau region.
In Comparison among dose dependence of hardness change, of volume change, of lattice strain and of lattice volume change is shown in Fig. 4 . The dose dependencies of lattice volume, lattice strain and volume change were obtained with similar specimens to the present work under the same irradiation condition by Nakae et al.""".
Wapham and Sheldon"' found the fact that small black dots of about 25 A diameter appeared at 4.25x 10" fiss./cm3 with the density of 10"/cm'.
As shown in Fig. 4 , an abrupt increase of volume change occurred at a similar dose to that of TEM observation.
It was explained that such a volume increase was caused by Schottky type defects (i. e. atoms went to outside the lattice matrix or to the surface'")).
Higher values in hardness change at 50 g load than at 100 g load above 1016 fiss. /cm', therefore, were considered to be due to those clusters in work hardening process.
At the fission dose of around 5 X 10" up to 5 x 10" fiss./cm3, volume change begins to decrease (i.e. densification begins) with increase of dose, thus rapid increase in hardness at the load of 50 and 100 g were due to the diminishing of pore deformation and of grain boundary sliding especially in hardness at 50 g load. More hardness data are needed at higher dose above 5 x 10" fiss./cm3 to see what physical states of irradiated UO2 would correlate to their hardness.
From the present data, however, it is obvious that the maximum hardness change of both 50 and 100 g loads at around 4.8 X 10" fiss./cm3 does not correspond to maximum lattice volume change. It would rather correspond to the maximum of lattice strain. Hardness around this dose might be influenced by both defects outside the matrix of crystal lattice (i.e. clusters) and those inside the matrix (interstitials). It may be explained as follows : Since it was explained that the increase and decrease of lattice parameter depend mainly on the concentration of interstitials (including interstitial clusters) in the matrix of crystal lattice"'"), the lattice strain was thus considered as a result of both interstitials in the matrix and interstitial clusters outside or incoherent with the lattice matrix.
In the lower dose range of around 10~40" fiss./cm3, the lattice strain showed negative values while hardness values were extensively increased with dose. In this dose range, clusters were not observed by TEM(5), however, there must be small clusters in crystal matrix which was unable to be observed by TEM.
On the other hand, if those small clusters do not make much influence on the lattice strain, the results of hardness will not contradict the previous results of lattice strain and electrical conductivity. In order to clarify the relation among these results, more experimental works are needed. .
The softening of hardness change corresponds to the decrease of lattice volume change and lattice strain.
This irradiation recovery had been explained with the annihilation of interstitials with vacancies produced by irradiation as described in the previous paper""6"7).
V. CONCLUSION
By the performance of Knoop hardness test on UO2 irradiated from 1.14;<10''' to 1.0 X 10" fiss./cm3, the following results were obtained :
(1) The decrease of elastic effect with fission dose was qualitatively observed in the hardness test.
(2) The work hardnening parameter m-value (in absolute value) decreased with increase of dose up to 7.79 x10" fiss./cm3, kept constant up to 5 X 10" fiss./cm3 and increased at 1018 fiss./cm3.
The hardness values increase with dose increase up to 4.8x 1017 fiss./cm3, and above that dose the hardness decrease with increasing dose.
In an indentation process, the rate of the indentation depth could be reasonably assumed as a following form:
(A4) where p, CB, q and r are constants. Integrating Eq. (A4) from t=0 to t=t,, 
In the range, q>0 and r>0, 
Thus, a line between log H vs. log P has a constant increment in the range where m <0.
By differentiating Eq. (A9),
In the work hardening or plastic region , 1+ r -3q<0 (from Eq. (A13), q>0), and 1+ r-2q Thus, a term I dlildhl increases inversely with h as indicated in Eq. (A16). Therefore, a lower applied load yields a higher value of dH/dh I at a time. Moreover from Eq. (A15), H value of lower load has a higher one in the region. Since in comparison of tensile test with hardness, hardness corresponds to applied load with a factor, and a depth of an indentation to a strain, then a higher value of dH/dh relates to a higher value of do-/de. In tensile or compressive test, higher dalde can be obtained by a test in higher strain rate. Consequently a higher value of dHldhl in lower applied load in the work hardening region of hardness appeared to relate to a strain rate in a certain way.
In conclusion, in the work hardening region in hardness, where m in Eq. (A12) is negative, a hardness value relates to a value corresponding to an applied stress in tensile test for a different strain rate.
